The present study aimed to evaluate the role of biofilm morphology, matrix content and surface hydrophobicity in the biofilm-forming capacity of Candida albicans and non-albicans Candida (NAC) spp. Biofilm formation was determined by microtitre plate assay and bright-field and scanning electron microscopy. The matrix carbohydrates, proteins and e-DNA were quantified by phenol-sulfuric acid, bicinchoninic acid and UV spectroscopy, respectively. Specific glycosyl residues were detected by dot blot. The cell-surface hydrophobicity was determined by hydrocarbon adhesion assay. Candida tropicalis was found to exhibit the highest adherence to polystyrene. It formed dense biofilms with extensive pseudohyphae and hyphal elements, high hydrophobicity and the greatest amount of matrix carbohydrates, proteins and e-DNA. C. albicans displayed higher adherence and a complex biofilm morphology with larger aggregates than Candida parapsilosis and Candida krusei, but had lower matrix content and hydrophobicity. Thus, the combinatorial effect of increased filamentation, maximum matrix content and high hydrophobicity contributes to the enhanced biofilm-forming capacity of C. tropicalis.
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) and 200 µl of this suspension was inoculated per well in 96-well, flat-bottomed polystyrene microtitre plates. The plates were incubated at 37 C for 24 h and the resulting biofilms were washed twice with phosphate-buffered saline (PBS), fixed with 200 µl of 95 % ethanol and stained with 200 µl of 0.5 % safranin. Adherence was quantified by measuring the absorbance of the bound safranin at 490 nm after elution with 200 µl of 30 % glacial acetic acid. The biofilm architecture was elucidated by bright-field microscopy after safranin staining and scanning electron microscopy (SEM). For SEM, the biofilms were cultured on polystyrene coverslips placed in 12-well polystyrene plates for 24 h at 37 C, washed twice with PBS and fixed with 2.5 % glutaraldehyde (pH 7.2) at 4 C for 18 h. Thereafter, the samples were washed thrice in the rinsing buffer [Sorensen's phosphate buffer (0.1 M, pH 7.2) with 7 % sucrose], dehydrated in a series of ethanol solutions (50 %, 10 min; 70 %, 10 min; 80 %, 15 min; 90 %, 15 min; and 100 %, 20 min) and criticalpoint-dried. The resulting specimens were coated with platinum and observed under field emission SEM (SU 8010, Hitachi, Japan) [18] .
The composition of the biofilm matrix was elucidated according to the method described earlier, with modifications [19] . The biofilms were cultured in RPMI-1640 in 12-well polystyrene plates for 24 h, washed twice with PBS, flooded with sterile ultrapure water and vortexed mildly for 30 s. The resulting suspensions from 10 biofilms were pooled and centrifuged at 6000 r.p.m. at 4 C for 30 min. The supernatant was filter-sterilized and concentrated using a SpeedVac Concentrator (Thermo Scientific Savant DNA 120-230, Thermo Scientific). The intracellular enzyme glucose-6-phosphate dehydrogenase (G6PDH) was used as a marker to confirm that there was no cell lysis and therefore no contamination of the harvested matrix with cellular components. The total carbohydrates in the matrix were determined by the phenol-sulphuric acid method [20] . The protein concentration was determined by the bicinchoninic acid method [21] . The extracellular DNA in the matrix was quantified by UV spectroscopy (A 260 ).
The presence of glucosyl/mannosyl and N-acetyl glucosaminyl residues was specifically detected in the extracted matrix by dot blot using horseradish peroxidase (HRP) conjugates of wheat-germ agglutinin (WGA) [22] and Concanavalin A (ConA; Sigma-Aldrich, Bangalore, India), respectively. Briefly, a series of twofold dilutions of the matrix extract were prepared and 5 µl of each dilution was spotted onto a nitrocellulose membrane. The membrane was air-dried, moistened with buffer and placed in blocking solution for 1 h. It was incubated with WGA-HRP (130 ng ml
) for 30 min [22] or ConA-HRP (5 µg ml
) for 16 h as per the manufacturer's instructions. After being washed thrice with the buffer, the membrane was incubated in the substrate solution containing 0.5 mg diaminobenzidine ml À1 and 1 µl H 2 O 2 ml À1 for 15 min and then finally rinsed in distilled water.
The cell-surface hydrophobicity of the biofilms and planktonic cells was determined by the microbial adhesion to hydrocarbon assay [22] and calculated as the percentage decrease in optical density of the aqueous phase after the extraction of the cell suspension with xylene. Statistical analysis was performed by unpaired t-test, assuming unequal variance.
All four Candida spp. adhered to and formed biofilms on polystyrene after 24 h of incubation in RPMI-1640. Amongst the different species, C. tropicalis displayed the highest adherence capacity and biofilm biomass (P<0.001) compared with C. albicans, C. krusei and C. parapsilosis. The average A 490 (safranin staining) of the biofilms formed by standard strains and clinical isolates of C. tropicalis, C. albicans, C. krusei and C. parapsilosis was 3.10±0.28, 2.02 ±0.26, 1.15±0.38 and 1.12±0.38, respectively. Furthermore, the five C. tropicalis tested were found to exhibit a similar, high biofilm-forming ability, and no strain/isolate specific differences were observed (Table S1 , available in the online version of this article). Some inter-strain/isolate variation was noted in the biofilm formation amongst the other species (Table S1 ), although it did not significantly influence the overall trend for the species in terms of comparative adherence capacity. These data are partly in agreement with those of Shin et al. [9] , who also demonstrated that C. tropicalis is a stronger biofilm former. In contrast, some studies have shown that C. krusei [7, 8] or C. albicans [5, 6] develop greater biofilm biomass than the other species, while another study suggested that C. albicans and C. tropicalis have a similar biofilm-forming capacity [23] . Such differences could possibly have arisen because of differences in the strain backgrounds [24] , culture media, substratum surfaces and processing methods used for the biofilm quantification. Many of these studies have compared biofilm formation using the XTT dye reduction test, which often does not correlate well between different species and with the total biofilm biomass, owing to the presence of extracellular polymeric substance (EPS) and varying levels of metabolic activity in dense biofilms due to altered oxygen and nutrient variability [8] .
The biofilm architecture of the four species was found to differ substantially (Fig. 1) . Biofilms formed by C. albicans comprised distinct aggregates of yeast cells, with a few cells existing in the filamentous state, forming a structural scaffolding for the adherence of yeasts. In contrast, biofilms formed by C. tropicalis were very dense and intertwined, with extensive pseudohyphae and hyphal elements being present throughout. Although filamentous growth is not essential for biofilm formation, it is known to strengthen the biofilm architecture and provide both adhesion and protection sites [1] . Filamentation was also noted in the C. krusei biofilms, although it was seen to a lesser degree than in the C. tropicalis biofilms. Further, the cell aggregation and microcolony formation was lower in C. krusei biofilms compared with C. albicans biofilms, and the cells were distributed homogenously on the substratum surface.
The biofilms formed by C. parapsilosis isolates comprised scanty aggregates (Fig. 1) . As C. parapsilosis is more frequently isolated from patients on parenteral feeding with increased glucose content [6, 25] , the adherence capacity of this species was also tested in RPMI-1640 containing 5 % glucose instead of the usual concentration of 0.2 %. The average A 490 of C. tropicalis ATCC 750, C. albicans ATCC 90028, C. parapsilosis ATCC 22019 and C. krusei ATCC 6258 biofilms was 2.87±0.52, 2.39±0.46, 1.34±0.20 and 1.83 ±0.41, respectively, in RPMI-1640, versus 4.49±0.32, 2.62 ±0.81, 2.37±0.31 and 1.87±0.6, respectively, in RPMI-1640 with 5 % glucose. Thus, growth in RPMI-1640 with 5 % glucose significantly increased (P<0.05) the mean adherence of C. parapsilosis to polystyrene. At this glucose concentration, its adherence capacity was similar to that of C. albicans (P>0.05), but remained significantly lower than that of C. tropicalis (P<0.05).
As no substantial inter-strain/isolate variation was observed for the relative biofilm-forming capacity of different species, subsequent experiments on hydrophobicity and matrix quantification were only carried out on standard strains. Hydrophobic interaction is a key factor that plays an important role in the initial adherence of microbes to a surface [1, 16, 26] . A comparative evaluation of the four species revealed that cell-surface hydrophobicity was significantly higher in the NAC species compared to C. albicans (P<0.001). It was found to be highest in both the planktonic cells and biofilms of C. krusei (88.90 and 64.29 %), followed by C. tropicalis (37.77 and 50.34 %), C. parapsilosis (25.04 and 12.56 %) and C. albicans (15.42 and 4.5 %).
The composition of the EPS matrix, which forms an integral component of a mature biofilm, was also compared between different species. The total carbohydrate and protein content in the biofilm matrices was significantly higher in NAC species compared with C. albicans (P<0.001). The matrix carbohydrate content was highest in C. tropicalis (24.11±3.58 µg biofilm
; P<0.05), followed by both C. krusei (17.88±0.95 µg biofilm À1 ) and C. parapsilosis (17.74±4.10 µg biofilm À1 ), which exhibited similar levels, while the lowest content was observed in C. albicans (7.42±2.2 µg biofilm À1 ). The matrix protein content was highest in both C. tropicalis and C. parapsilosis (38.74±1.62 and 39.40±1.92 µg biofilm
, respectively), followed by C. krusei (22.72±3.68 µg biofilm
) and then C. albicans (8.37±1.85 µg biofilm
). The net e-DNA content was 4.12±0.14, 4.63±0.11, 2.42±0.05 and 2.14 ±0.09, respectively in the C. tropicalis, C. krusei, C. parapsilosis and C. albicans biofilm matrices, respectively.
In contrast to the present results, two previous studies reported that C. tropicalis biofilms harboured a smaller quantity of matrix proteins and carbohydrates than C. albicans [14] and C. parapsilosis biofilms [15] . This may be attributed to the difference in the matrix extraction method used. Both of the earlier studies used a process that involved sonication for the harvesting of the biofilm matrix, which may also lead to cell damage. In the present work, however, a milder extraction process was used, which did not involve sonication, so as to prevent cellular leakage. The absence of cellular components in the matrix extract in the present study was also confirmed using the G6PDH assay.
As the biofilm matrices of C. albicans and C. tropicalis have been reported to differ in their glucose and hexosamine content [14] , we assayed the presence of these sugars in the biofilm matrices of all four Candida spp. through dot blot using twofold serial dilutions of EPS. Binding with Con A was observed in the matrices of all four species, indicating the presence of glucose/mannose residues. The dot blot signal was detected up to an EPS dilution of 1 : 64 for C. krusei; 1 : 32 for C. tropicalis and C. parapsilosis; and 1 : 8 for C. albicans. N-acetyl-glucosaminyl residues (WGA binding) was only detected in the undiluted, neat sample of the C. tropicalis biofilm matrix. It was not observed in the other three species.
In conclusion, our results indicate that among the NAC species tested, C. tropicalis had a significantly higher biofilmforming capacity compared with C. albicans. This might be attributed to the combinatorial effect of several factors, including increased filamentation during the biofilm mode of growth, the highest quantity of matrix carbohydrates, protein and e-DNA, and also its cell-surface hydrophobicity. In contrast, C. krusei and C. parapsilosis exhibit a reduced adherence capacity compared with C. albicans, although their matrix content and surface hydrophobicity are higher. This could be attributed to the ability of C. albicans to form a more complex, heterogeneous biofilm architecture, with large aggregates than C. parapsilosis and C. krusei. Furthermore, C. albicans harbours a wide array of adhesion molecules, which aid the binding of its cells to the substratum and to each other during the initial stages of biofilm formation [1, 2] , thereby contributing to its adherence capacity.
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